Abstract. Cloud and aerosol information is needed in trace gas retrievals from satellite measurements. The Fast REtrieval Scheme for Clouds from the Oxygen A band (FRESCO) cloud algorithm employs reflectance spectra of the O 2 A band around 760 nm to derive cloud pressure and effective cloud fraction. In general, clouds contribute more to the O 2 A band reflectance than aerosols. Therefore, the FRESCO algorithm does not correct for aerosol effects in the retrievals and attributes the retrieved cloud information entirely to the presence of clouds, and not to aerosols. For events with high aerosol loading, aerosols may have a dominant effect, especially for almost cloud free scenes. We have analysed FRESCO cloud data and Absorbing Aerosol Index (AAI) data from the Global Ozone Monitoring Experiment (GOME-2) instrument on the Metop-A satellite for events with typical absorbing aerosol types, such as volcanic ash, desert dust and smoke. We find that the FRESCO effective cloud fractions are correlated with the AAI data for these absorbing aerosol events and that the FRESCO cloud pressure contains information on aerosol layer pressure. For cloud free scenes, the derived FRESCO cloud pressure is close to the aerosol layer pressure, especially for optically thick aerosol layers. For cloudy scenes, if the strongly absorbing aerosols are located above the clouds, then the retrieved FRESCO cloud pressure may represent the height of the aerosol layer rather than the height of the clouds. Combining FRESCO and AAI data, an estimate for the aerosol layer pressure can be given.
Introduction
Cloud and aerosol information is relevant for the trace gas retrievals from satellite spectrometers like the Scanning Imaging Absorption Spectrometer for Atmospheric CHartographY (SCIAMACHY) on Envisat (Bovensmann et al., 1999) and the Global Ozone Monitoring Experiment (GOME-2) on Metop-A (Munro et al., 2006) . Cloud products are used to screen cloudy pixels or to correct for the effects of clouds on the trace gas retrievals. Various algorithms have been developed to retrieve cloud parameters from the SCIAMACHY and GOME-2 oxygen A band spectral measurements (e.g. Koelemeijer et al., 2001; Kokhanovsky et al., 2006) and from the PMD (Polarisation Measurement Device) imagery measurements (Loyola, 2004; Grzegorski et al., 2006) .
The Fast Retrieval Scheme for Clouds from the Oxygen A band (FRESCO) cloud retrieval algorithm has been developed as a simple but fast and robust algorithm for GOME, SCIAMACHY and GOME-2 (Koelemeijer et al., 2001; Wang et al., 2008) . FRESCO employs the reflectance spectrum of the O 2 A band at 760 nm to derive effective cloud fraction and cloud pressure. Aerosols are treated in the same way as clouds in FRESCO, because clouds have much larger effects on the O 2 A band reflectances than aerosols in cloudy scenes. FRESCO cloud pressures have been validated with ground-based lidar/radar measurements . The FRESCO cloud product has not been investigated for events with high aerosol loading. It is well-known that the O 2 A band is suitable for the retrieval of aerosol height for cloud free scenes over the oceans (Dubuisson et al., 2009; Boesche et al., 2009) . Therefore, it is interesting to know if there is any aerosol information in the FRESCO cloud product, and how to interpret it. The FRESCO retrievals are performed for all scenes globally. For scenes with absorbing aerosols the information could be aerosol information, or if there are clouds, a mixture of aerosol and cloud information.
The Absorbing Aerosol Index (AAI), derived from UV reflectances, is an operational product of SCIAMACHY, GOME-2 and OMI (Ozone Monitoring Instrument) (De Graaf et al., 2005; Tilstra et al., 2010; Herman et al., 1997; Torres et al., 1998 Torres et al., , 2007 . The aerosol types that are mostly seen in the AAI data are desert dust, biomass burning smoke and volcanic ash aerosols. The AAI is hardly sensitive to clouds; therefore it is derived for both cloud free and cloudy scenes (Torres et al., 1998 (Torres et al., , 2012 De Graaf et al., 2005; Penning de Vries and Wagner, 2011) . It is not straightforward to use the AAI quantitatively, because the AAI is sensitive to aerosol particle size, aerosol layer height, aerosol optical thickness, and single scattering albedo (Torres et al., 1998; De Graaf et al., 2005) . Both aerosol optical thickness and single scattering albedo can be simultaneously derived using observations of the AAI and reflectance at a near UV wavelength channel if the aerosol layer height is known (Torres et al., 1998) . The AAI has been extensively used in the studies of biomass burning aerosols, desert dust and volcanic ash plumes (e.g. Kaufman et al., 2005; Fromm et al., 2006; Eckardt and Kuring, 2005; Dirksen et al., 2009; De Graaf et al., 2010a; Guan et al., 2010; Witte et al., 2011) . The GOME-2 AAI product is also used to support the Volcanic Ash Advisory Centres (VAAC, http://www.temis.nl/o3msaf/vaac/).
In this study we focus on the interpretation of the FRESCO cloud product for strongly absorbing aerosol events, especially desert dust, biomass burning smoke, and volcanic ash plumes. In order to identify aerosol events we use the AAI as an indicator. We first analyse FRESCO cloud data using simulated spectra with absorbing aerosols and then analyse FRESCO data from GOME-2 measurements for the selected events. The structure of the paper is as follows. The GOME-2 FRESCO and AAI data and the method used in the analysis are described in Sect. 2. In Sect. 3 we simulate the effect of absorbing aerosols on the retrieved cloud pressure, effective cloud fraction, scene pressure, and scene albedo. Section 4 presents the analysis of GOME-2 retrieval results for scenes containing volcanic ash plumes, Saharan desert dust, biomass burning smoke in West Africa, and Russian wild fires. In Sect. 5 conclusions are given.
Data sets and methodology

FRESCO cloud data
GOME-2 is onboard the Metop-A satellite of EUMETSAT. Metop-A is a Sun-synchronised polar orbiting satellite with an overpass time of 09:30 local time (LT) at the equator. The swath width of the GOME-2 instrument is 1920 km with a pixel size of 40 × 80 km 2 . The GOME-2 spectrum covers the wavelength range 240-790 nm (Munro et al., 2006 ). The GOME-2 level 1 cloud product is based on the FRESCO algorithm (Wang and Stammes, 2007) . In this analysis we use an improved FRESCO algorithm, FRESCO version 6 (v6) .
In order to simulate the reflectance spectrum of a partly cloudy pixel inside and outside the O 2 A band, a simple atmospheric model is used, in which the atmosphere above the ground surface (for the cloud free part of the pixel) or cloud (for the cloudy part of the pixel) is treated as an absorbing (due to oxygen) and purely Rayleigh scattering medium. Reflection occurs only at the surface and the cloud top. Surface and cloud are assumed to be Lambertian reflectors. The reflectance R sim (λ, θ, θ 0 , φ − φ 0 ) at wavelength λ, viewing zenith angle θ, solar zenith angle (SZA) θ 0 , and relative azimuth angle φ − φ 0 is then given by Eq. (1),
If c = 1, the surface related terms vanish and Eq. (1) is simplified to Eq. (2),
Note that the wavelength and angle dependences are omitted in Eqs.
(1, 2) for R sim , T c , R c , T s , and R s . In the above equations, c is the effective cloud fraction at the O 2 A band, A c is the cloud albedo, A s is the surface albedo, and A sc is the scene albedo. T (λ, z s , θ, θ 0 ), T (λ, z c , θ, θ 0 ), and T (λ, z sc , θ, θ 0 ) are the direct atmospheric transmittances for light entering the atmosphere from the solar direction, propagating down to different levels with surface height z s , cloud height z c , and scene height z sc , respectively, then propagating to the top of the atmosphere (TOA) in the direction of the satellite. The O 2 absorption and single Rayleigh scattering are taken into account in the light paths for the transmittances and the single Rayleigh scattering reflectances above the cloud (R c ) and the surface (R s ), respectively . The transmittances and reflectances are pre-calculated and stored in look-up tables (LUT). In FRESCO v6, effective cloud fraction, cloud pressure (or cloud height), scene albedo and scene pressure (or scene height) are derived for every pixel. Scene albedo and scene pressure were already retrieved in previous FRESCO versions but only for pixels flagged as having snow/ice on the surface. In the FRESCO algorithm, the cloud height, scene height and surface height are converted to cloud pressure, scene pressure and surface pressure using the mid-latitude summer atmospheric profile (Anderson et al., 1986) . Therefore, in FRESCO products the terms "height" and "pressure" are interchangeable. The effective cloud fraction and cloud pressure (cloud height) are retrieved using Eq. (1), whereas the cloud albedo is assumed to be 0.8 (Koelemeijer et al., 2001) , because cloud albedo and cloud fraction information cannot be separated from the O 2 A band spectra due to the large pixel size of GOME-2 and other similar satellite spectrometers. Because of the wavelength dependence of Rayleigh scattering, the effective cloud fraction derived from
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the O 2 A band is larger than that in the UV. Surface albedo and surface height are taken from auxiliary databases.
Using Eq. (2), the scene albedo and scene pressure are derived by assuming the cloud fraction to be 1 (Koelemeijer et al., 2001; Stammes et al., 2008; Wang et al., 2008) . Large aerosol plumes often cover several GOME-2 pixels. Thus, it seems reasonable to assume an aerosol or cloud fraction of 1 in these situations. The retrieved scene pressure and scene albedo are a radiance-weighted average of the cloudy and cloud free parts of the pixels, because the GOME-2 pixels are often partly cloudy (Krijger et al., 2005) . If a pixel is fully covered with clouds having optical thickness larger than about 35 (Koelemeijer et al., 2001) , the FRESCO scene pressure is the same as the cloud pressure.
The FRESCO v6 algorithm is an upgrade of the FRESCO+ (or FRESCO v5) algorithm using new databases and providing more output data (Wang and van der A, 2011; . FRESCO v6 uses the high spatial resolution (0.25 • ×0.25 • ) surface albedo climatology derived from MERIS (Popp et al., 2011) and the latest O 2 line parameters from the HITRAN 2008 database (Rothman et al., 2009) . Therefore, the effective cloud fraction and cloud pressure are retrieved more accurately. Because the absorption in the O 2 A band is slightly stronger in HITRAN 2008 than in HITRAN 2004, the FRESCO v6 global mean cloud pressure is about 10 hPa lower than for FRESCO v5. The HI-TRAN database change has no effect on the FRESCO effective cloud fraction. The difference between the effective cloud fraction in FRESCO v6 and v5 is entirely due to the MERIS surface albedo (Popp et al., 2011) . The MERIS surface albedo is only available over land; over ocean the GOME surface albedo (1 • × 1 • ) is used (Koelemeijer et al., 2003) . Thus, in FRESCO v6 the effective cloud fraction is expected to be improved with respect to v5 mainly over land and at coastal regions.
Absorbing Aerosol Index data
The operational GOME-2 Absorbing Aerosol Index (AAI), produced by the O3M SAF (Ozone and Atmospheric Chemistry Satellite Application Facility) of EUMETSAT, is derived from the 340/380 nm wavelength pair (Tilstra et al., 2010; De Graaf et al., 2010b) . The part of the reflectance spectrum that contains this wavelength pair is measured simultaneously with the O 2 A band spectrum from which the FRESCO cloud products are derived. As a result, the GOME-2 AAI and FRESCO data are collocated. The main advantage of the AAI over other aerosol detection techniques is its ability to detect absorbing aerosols over both land and sea surfaces, even in the presence of clouds. The latter property makes it very suited for the analysis performed in this paper.
The AAI has been shown to be sensitive to aerosol single scattering albedo, aerosol optical thickness (AOT), aerosol layer height, scattering geometry, and surface height (Torres et al., 1998; De Graaf et al., 2005) . From this list of parameters, the aerosol layer height and the aerosol optical thickness are the most dominant. Generally speaking, aerosol plumes with large optical thickness and/or located at higher altitudes produce larger AAI values than plumes that are optically thin or are close to the surface (De Graaf et al., 2005; Torres et al., 1998; Jeong and Hsu, 2008) .
MODIS data
The Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the NASA EOS Terra satellite has an equator overpass time of 10:30 LT, which is about 1 h later than GOME-2 (09:30 LT). Because of the difference between the GOME-2 and MODIS overpass times, we cannot validate the GOME-2 cloud product by using MODIS data. The MODIS RGB images and fire counts maps are used to visually determine the cloud amount and the location of the aerosol plume.
Methodology
The interpretation of the FRESCO product for absorbing aerosol events is based on the relationship between the AAI and the FRESCO products. If the AAI values are correlated with the effective cloud fractions and/or scene albedos, then these two FRESCO products may contain aerosol optical thickness information. If the AAI values are correlated with FRESCO cloud pressures and/or scene pressures, then these FRESCO products may contain information on aerosol height. The FRESCO products may be interpreted differently for cloud free scenes and cloudy scenes. In order to understand the FRESCO product for absorbing aerosol events, we first investigate the FRESCO product using simulated O 2 A band spectra for scenes containing absorbing aerosols and clouds. Next, strong absorbing aerosol events are selected from GOME-2 AAI global maps for 2010 and 2011 with AAI values larger than 1. In order to get more significant statistics, we choose aerosol plumes with an extent of several degrees in latitude and longitude. In the analysis we select four typical events with absorbing aerosols: a volcanic ash plume event, a desert dust event, a biomass burning smoke event, and a wild fire smoke event. For all the selected aerosol events we also verify the plumes using the corresponding MODIS/Terra images. For every event we study the relationship between GOME-2 AAI and GOME-2 FRESCO effective cloud fraction, cloud pressure, scene albedo and scene pressure, respectively. 3 FRESCO retrievals using simulated spectra of scenes containing clouds and aerosols
Simulations of UV reflectance and O 2 A band spectra
The simulations were performed for two kinds of biomass burning aerosols (BBA) and dust aerosols in cloud free and fully cloudy scenes. The scattering properties of the aerosols and clouds were approximated using Mie calculations (De Rooij and Van der Stap, 1984) . The characteristics of the aerosol and cloud models and the optical properties calculated from Mie theory are presented in Tables 1 and 2 . The first biomass burning aerosol model was taken from De Graaf et al. (2012) (called Case 1), which represents aged smoke. The absorptionÅngström exponent was 2.91 in the UV, which is in good agreement with the values reported by Jethva and Torres (2011) . This aerosol model represents a strongly absorbing aerosol case, having a single scattering albedo of 0.82 at 380 nm. The second biomass burning aerosol model (Case 2) has a single scattering albedo of 0.91 at 380 nm, which is close to the single scattering albedo of African savanna biomass burning aerosols (Dubovik et al., 2002) .
For dust aerosols, we used the particle size distribution parameters from the dust aerosol model of the OMI near-UV algorithm (Torres et al., 2007) . The complex refractive index for the dust aerosols was taken from Sinyuk et al. (2003) .
Both aerosol models use a bi-modal log-normal size distribution (Boesche et al., 2006) .
The wavelength dependence of the AOT was taken into account using the extinction efficiency, which is the ratio between extinction cross-section and geometric cross-section (Hansen and Travis, 1974) . For example, if the extinction efficiency of the biomass burning aerosol is 0.45 at 760 nm and 1.09 at 550 nm, then an AOT of 1 at 760 nm corresponds to an AOT of 1.09/0.45 = 2.42 at 550 nm. The biomass burning aerosols used in this paper are more absorbing than the dust aerosols.
The O 2 A band spectra and the reflectances at 340 and 380 nm were simulated using the Doubling Adding KNMI (DAK) code (De Haan et al., 1987; Stammes, 2001 ). Polarisation was included in the 340/380 nm reflectance calculations but not in the O 2 A band calculations. Compared to the UV, the effect of neglecting polarisation on the radiance in the O 2 A band is very small because Rayleigh scattering is very small there. In addition, including polarisation in the O 2 A band would be computationally too expensive.
The mid-latitude summer atmospheric profile was used in the simulations (Anderson et al., 1986) . We set a biomass burning aerosol layer between 4 and 5 km to represent smoke events using BBA Cases 1 and 2. A low altitude aerosol layer between 1 and 2 km was simulated using BBA Case 2 without clouds. The dust aerosol layers between 2 and 3 km and between 5 and 6 km are simulated to represent typical desert dust aerosol heights (Yu et al., 2010) . In a volcanic ash aerosol event, the aerosol layer could be at 10 km, therefore we also simulated a dust aerosol layer between 9 and 10 km. In this work dust particles were used as a proxy for volcanic ash particles.
For the cloudy scenes, a cloud layer was set below the aerosol layer, between 1 and 2 km, with a cloud optical thickness (COT) of 20. We set the aerosol layer above the cloud layer, because if the aerosol layer is below the clouds, it may not be observed from satellite, particularly for optically thick cloud cases (De Graaf et al., 2005) . The AOT range was 0-4 at 760 nm. In the calculation of reflectances at 340/380 nm, AOTs at 340/380 nm were derived from the AOT at 760 nm using the extinction efficiency values. The surface albedo was assumed to be 0.05 in all UV and O 2 A band simulations, which is close to the surface albedo of the oceans (Koelemeijer et al., 2003; Jin et al., 2004) . The solar zenith angle (SZA) range was 0-85 • and the viewing direction in the simulations was nadir. Pseudo-spherical correction was used in DAK for the simulations at large SZAs. The scenes were assumed to be fully covered with aerosols or aerosols and clouds. The FRESCO cloud algorithm (v6) was applied to the simulated spectra to retrieve effective cloud fraction, cloud height, scene albedo, and scene height. The AAI was calculated from the reflectances at 340/380 nm (De Graaf et al., 2005) .
Simulations for biomass burning aerosols
The FRESCO retrievals for the biomass burning aerosols cases are shown in Figs. 1-3 as a function of AOT. The yaxes of the figures are called cloud height or effective cloud fraction although in cloud free scenes they represent aerosol height or effective aerosol fraction. For the cloud free scenes, one would expect FRESCO to be able to retrieve aerosol height and effective aerosol fraction. Indeed, as shown in Figs. 1 and 2, the retrieved aerosol heights are close to the top of the aerosol layer at about 5 km if AOT is larger than 0.2 (at 760 nm). The retrieved aerosol height slightly depends on the AOT. The single scattering albedo of BBA Case 1 aerosol is smaller than that of BBA Case 2 aerosol, therefore FRESCO retrieved aerosol heights are higher for Case1 than Case 2. If the BBA Case 2 aerosol is at 1-2 km, the FRESCO retrieved aerosol height is between 1.25-1.75 km, which is within the aerosol layer (see Fig. 3 ).
The retrieved scene height is lower than the aerosol layer bottom height when AOT < 1 (at 760 nm) in the cloud free scenes, because of the contribution of surface reflection. For optically thicker aerosol scenes, most photons are absorbed by the aerosol layer and the light path is not affected by the surface reflection, therefore the retrieved scene height corresponds closely to the height of the aerosol layer. The scene height increases with solar zenith angle, which can also be explained by the longer slant light paths at larger SZA. This behaviour is similar to that found in simulations for a singlelayer cloud . The effective cloud (aerosol) fraction and scene albedo are both increasing with AOT in cloud free scenes. As shown in Figs. 1 and 2, the scenes with BBA Case 1 aerosols have smaller effective cloud (aerosol) fractions than the scenes with BBA Case 2 aerosols. This is because the BBA Case 1 aerosol is more absorbing than the BBA Case 2 aerosol.
For the aerosols in cloudy scenes, the effective cloud fraction and scene albedo are larger than in the corresponding cloud free scenes, because the cloud layer reflects more light back to the top of the atmosphere. With increasing AOT, the effective cloud fraction and scene albedo decrease and converge, respectively, to the values of the cloud free scenes at AOT around 4 (at 760 nm). This suggests that at large AOT, the surface and cloud layer do not contribute to the TOA reflectance in the O 2 A band. As shown in Figs. 1a and 2a the retrieved cloud height is close to the cloud layer height when AOT < 1 and close to the aerosol layer height when AOT > 2.5 (at 760 nm).
The scene height shows a similar behaviour as the cloud height in the cloudy scene. The retrieved cloud height and scene height are both higher at large SZA than at small SZA. For the biomass burning aerosols used in this analysis, an AOT of 2.5 at 760 nm corresponds to an AOT of 6 at 550 nm, which is quite large. Therefore, FRESCO can only retrieve aerosol height above clouds for extremely optically thick absorbing aerosol cases. For cloud free scenes, FRESCO can retrieve aerosol height when AOT > 0.1 at 760 nm. The AAI values also depend on solar zenith angle. For the aerosol optical properties of BBA Case 2, the scenes having an aerosol layer at 1-2 km have smaller AAI values than the scenes with an aerosol layer at 4-5 km. From the simulated FRESCO retrievals shown in Fig. 3 , it appears that FRESCO can retrieve aerosol height for the cloud free cases if AAI > 1. For cloudy scenes with BBA Case 2 aerosol, FRESCO can retrieve aerosol height if AAI > 8 (at a SZA of 60 • ). In this paper we use the AAI to select absorbing aerosol scenes. The wavelength dependence of the AOT and the height of the aerosol layer can lead to different relationships between AAI and FRESCO retrievals, even if the other aerosol optical properties are the same. Therefore, we do not attempt to determine the quantitative relationship between the AAI and FRESCO retrievals.
Simulations for dust aerosols
The FRESCO retrievals for the dust/ash aerosol layer at 9-10 km, 5-6 km and 2-3 km are illustrated in Figs. 5-7, respectively. FRESCO can retrieve aerosol height for these dust aerosols in cloud free scenes. However, the retrieved aerosol height varies from the bottom to the top of the aerosol layer, depending on the AOT, SZA and actual aerosol layer height. At large AOT, the retrieved aerosol height can be above the aerosol layer top height. This is because the light path in the scene with the absorbing aerosols is shorter than the light path in a scene with a purely scattering cloud layer having the same optical thickness. In order to approximate the light path using a Lambertian reflector, the FRESCO algorithm has to put the Lambertian reflector at a higher altitude. This effect is larger for aerosol layers at higher altitude. The effective cloud (aerosol) fractions are very similar in Figs. 5-7 because the effective cloud (aerosol) fractions hardly depend on cloud (aerosol) height.
For the scene height and scene albedo retrieval, the retrieved scene height is the weighted average of the aerosol height and the surface height. Therefore, in the cloud free scene, the scene height is usually below the aerosol layer top height. For the dust aerosol cases, the scene height is close to the aerosol layer height (aerosol layer at 9-10 km) when AOT > 3 at 760 nm in the cloud free scenes and AOT > 4 in the cloudy scenes. Because in the simulations at 760 nm the dust aerosols are less absorbing than the biomass burning aerosols, the absorption AOT is smaller in the dust aerosol scenes than in the biomass burning aerosol scenes. It is clearly difficult to retrieve the dust aerosol height for the cloudy scenes.
The corresponding AAI values for the dust aerosol cases are shown in Fig. 8 . The AAI values in cloud free and cloudy scenes are very similar for the aerosol layer at 9-10 km. If Fig. 9 . (a) GOME-2 AAI image, (b) MODIS RGB image, (c) GOME-2 cloud pressure, (d) GOME-2 scene pressure, (e) GOME-2 effective cloud fraction, and (f) GOME-2 scene albedo for the Puyehue volcanic ash plume on 5 June 2011. The location of the plume is indicated with a box in the GOME-2 images. The plume in the box was measured around 12:50 UTC. MODIS image was measured at 13:45 UTC and was downloaded from LAADS Web (http://ladsweb.nascom.nasa.gov/browse images/). the aerosol layer is at lower altitudes, the AAI for cloudy scenes is larger than the AAI for cloud free scenes, except for AOT < 0.1 at 760 nm. The AAI values increase with increasing AOT and increasing aerosol layer height and become saturated at AOT of around 4 at 760 nm. If the dust aerosol layer is at 5-6 km, FRESCO can retrieve the aerosol height in a cloud free scene for a layer having an AAI of 1 and AOT of 0.1 at 760 nm.
GOME-2 FRESCO results for absorbing aerosol events
Based on the simulations of Sect. 3, we would expect that the FRESCO cloud algorithm is able to retrieve aerosol height for cloud free scenes, although the results will depend on the type of absorbing aerosols and on AOT. For cloudy scenes, the FRESCO retrievals would be a mixture of cloud and aerosol properties. For extremely absorbing aerosol cases, FRESCO could retrieve aerosol height for cloudy scenes.
In the following analysis we will show some examples of strongly absorbing aerosol events for cloud free and cloudy scenes.
Volcanic ash plumes
GOME-2 captured the ash plume from the eruption of the Chilean volcano called Puyehue-Cordón Caulle (elevation 2236 m, 40.59 • S, 72.12 • W) firstly on 5 June 2011 and continued observations for several days. Figure 9 shows the MODIS RGB image, GOME-2 AAI and GOME-2 cloud images of 5 June 2011. The volcanic ash was injected at a high altitude and then transported to the east. According to the MODIS RGB image, the ash plume is in a cloud free region over land and above the clouds over the ocean. The plume can be clearly identified in the AAI image. In the FRESCO cloud pressure and scene pressure images the plume is clearly visible as a high cloud. According to the FRESCO cloud pressure, the volcanic plume is at 200 hPa (12 km), which is higher than the surrounding clouds. The maximum AAI value is about 8. The plume cannot be distinguished from clouds in the FRESCO effective cloud fraction and scene albedo maps, because the aerosol plume produces similar reflectances as the clouds nearby. Figure 10 shows the scatter plots of the retrieved cloud information versus AAI for the pixels in the region of [35, 47] • S and [50, 70] • W, which is marked with a box in Fig. 9 . Some cloud pressure values are comparable to the scene pressure values because the effective cloud fractions are close to 1. As shown in Fig. 10 , the cloud pressure and scene pressure both decrease with increasing AAI, whereas the effective cloud fraction and scene albedo both increase with increasing AAI. In aerosol-free cases over the dark ocean the effective cloud fraction and scene albedo are determined by the cloud optical thickness and geometric cloud fraction. In this case, the effective cloud fraction and scene albedo are determined by both clouds and aerosols.
The variation in AAI values of the selected aerosol plume as shown in Fig. 10 mainly depends on the height of the plume and the aerosol optical thickness, since the aerosol type and single scattering albedo values are probably similar in the selected region of the plume. All the pixels in the plume are measured by GOME-2 within a few minutes; the variation in the solar zenith angle is small. The larger AAI values are corresponding to optically thick parts of the plume and a large plume height. For parts of the plume having AAI values less than 2, the AOT is small, so that light can penetrate the aerosol layer and the retrieved plume height is close to the clouds or the surface beneath. This behaviour agrees with the simulations (see Figs. 5 and 8) .
On 6 June 2011, the Puyehue volcanic ash plumes show up in the GOME-2 AAI image in three orbits (see Fig. 11 ). In contrast to Fig. 9 , the plumes also appear in the effective cloud fraction and scene albedo images; this is because the plumes are optically thicker than the surrounding clouds. The MODIS image shows the left plume (plume in the left orbit, over land and close to the volcano). The left plume first went to the northeast, then turned to the southeast, forming a curl. The effective cloud fraction for the left plume is about 1. Inside the curl the aerosols are thinner because the surface is visible in the MODIS image and the FRESCO effective cloud fraction is about 0.3. In the FRESCO cloud images the thin aerosol plumes show up as having small effective cloud fractions, small scene albedos, high cloud pressures and high scene pressures; while the thick aerosol plumes result in large effective cloud fractions, large scene albedos, low cloud pressures and low scene pressures. Fig. 11 . (a) GOME-2 AAI image, (b) MODIS RGB image, (c) GOME-2 cloud pressure, (d) GOME-2 scene pressure, (e) GOME-2 effective cloud fraction, and (f) GOME-2 scene albedo for the Puyehue volcanic ash plume on 6 June 2011. The location of the plume is indicated with a box in the GOME-2 images. The plumes in the left and right boxes were measured around 14:10 and 10:45 UTC, respectively. The MODIS image was measured at 14:25 UTC. In the scatter plots for the left plume (see Fig. 12 ), the cloud pressures and scene pressures appear as two clusters, one at about 200 hPa and the other at 600-800 hPa. The scene pressures are higher than the cloud pressures, which is in agreement with the simulations. The left plume is mainly in a cloud free region and the relation between the effective cloud fraction and the AAI is dominated by aerosols. The effective cloud fraction and scene albedo versus AAI plots have less scatter than in Fig. 10c and d , indicating less clouds. Figure 13 shows the scatter plots for the right side plume (along 30 • W over the ocean). The plume is transported to the east at about 200 hPa, while the effective cloud fraction only ranges up to 0.4, which points to optically thinner aerosols and clouds. The AAI values for this right plume go up to 6, as compared to 8 for the left plume. The left plume has larger AAI values, which is probably due to larger aerosol optical thicknesses or more absorption. The right plume has been exposed to air longer than the plume close to the volcano; therefore it is more diluted by mixing with surrounding air or by deposition during the long range transport. The aerosol particles can also take up water vapour. Thus, the absorption of the aerosols is reduced, which also leads to smaller AAI values of the aerosol plume.
We have simulated the volcanic ash plume height on 6 June 2011 using the HYSPLIT model for volcanic ash (Draxler and Rolph, 2012; Rolph, 2012) . It was reported that the Puyehue volcanic ash plume reached about 12 km on 4 June 2011 (http://www.volcanodiscovery.com/puyehue/ news.html). Therefore, we set the ash plume injection height at 12 km in the HYSPLIT volcanic ash model. The simulation was started on 4 June 2011 at 18:00 UTC, and continued for 48 h. The simulated volcanic ash clouds on 6 June 2011 at 12:00 UTC appeared to have similar patterns as those observed by GOME-2 on 6 June 2011 at 13:00 UTC (not shown). According to the HYSPLIT simulation, the plume in the right box of Fig. 11 was located between FL350 (flight level 35000 feet) and FL200, which has a good agreement with the GOME-2 FRESCO cloud pressure and scene pressure between 200-400 hPa.
In summary, the eruption of the Puyehue volcano in Chile in June 2011 produced a nice example for our FRESCO analysis. The volcanic ash plume is optically thick and its height is much higher than the clouds below it. If the plume would have been close to the surface or optically thin, the plume shape might not be so easily identified in the FRESCO cloud images. It shows that the FRESCO cloud pressure and scene pressure indicate the aerosol layer pressure for these volcanic plumes, especially for pixels with large AAI values. For pixels with small AAI values and large effective cloud fractions, the retrieved cloud and scene pressures are most probably close to the cloud layer pressure.
Saharan desert dust
The Western Sahara is a main source of dust and mineral aerosols (Kaufman et al., 2005) . The Saharan dust storms, which peak in June/July, are controlled by small-scale highwind events (De Graaf et al., 2005; Engelstaedter and Washington, 2007) . We selected an event on 30 June 2010 based on GOME-2 AAI images and MODIS images. Figure 14 shows the MODIS Terra image over the Sahara desert measured at 10:30-10:35 UTC on 30 June 2010 and the GOME-2 AAI and FRESCO cloud images. The dust plume is clearly visible over the Sahara desert around 20 • N Fig. 14. (a) GOME-2 AAI image, (b) MODIS RGB image, (c) GOME-2 cloud pressure, (d) GOME-2 scene pressure, (e) GOME-2 effective cloud fraction, and (f) GOME-2 scene albedo for the Saharan desert dust event on 30 June 2010. The location of the plume is indicated with a box in the GOME-2 images. The plume in the box was measured around 09:45 UTC. The MODIS image was measured at 10:30 UTC. The MODIS image is downloaded from the MODIS Rapid Response System (http://rapidfire.sci.gsfc.nasa.gov/). and 0-10 • E. There are only a few scattered clouds in the dust storm area. The dust plume as seen in the GOME-2 AAI image is associated with high AAI values up to 6. The FRESCO effective cloud fraction image is in agreement with the MODIS image. For the areas with large AAI values, the effective cloud fractions are up to 0.3. Because we selected largely cloud free areas, FRESCO should retrieve aerosol pressure although it is called cloud pressure in the FRESCO products.
The scatter plots between FRESCO cloud results and AAI for the area of the dust plume between [20, 26] • N, [−5, 10] • E are shown in Fig. 15 . It appears that most cloud pressures are higher than 500 hPa and most scene pressures are higher than 800 hPa. For pixels with AAI < 4, some cloud and scene pressure values are close to 1000 hPa, probably because the cloud or aerosol layers are quite thin. The aerosols with AAI > 4 are mainly at 850-900 hPa. In the plots of cloud pressure and scene pressure versus AAI, the cloud pressures tend to increase with AAI; the heights of the dust plumes are lower at larger AAI. The dust plumes are generated at the surface; therefore, it is not a surprise that the dust plumes are optically thicker at lower altitudes in the source region. Please note the contrast with the volcanic ash plumes (shown in Figs. 10 and 13) which tops are at similar heights, and have no significant decrease at large AAI. This is because the volcanic ash plumes are produced from a point source and are generally transported at a similar altitude above the surface.
The effective cloud fractions of the Saharan dust plumes increase with AAI (see Fig. 15 ), which indicates that the effective cloud (aerosol) fraction contains aerosol optical thickness information. It suggests that the dust plumes have variations in pressure and aerosol optical thickness.
Because the selected dust plume area is mainly cloud free, the scene albedo is a mixture of surface albedo and aerosol plume albedo. Since the surface albedo at the FRESCO wavelengths around 760 nm is large in the desert, the scene albedo may have a large contribution from the surface. The mean surface albedo around 760 nm in this area is 0.40, with a minimum surface albedo of 0.2. Therefore, in Fig. 15 the scene albedo is larger than 0.2, even if the cloud fraction is 0.
Biomass burning aerosols
Biomass burning aerosol is absorbing in the UV and can be detected by the AAI. We will present a biomass burning aerosol case in South-West Africa on 6 August 2010. In Fig. 16 , the MODIS fire count map at 09:20 UTC on 6 August shows the fires as red spots. The smoke is caused by biomass burning on land and is transported westwards to the ocean above the marine stratocumulus cloud fields at about 900 hPa (see Fig. 16 ). Between [10, 20] • S the GOME-2 AAI map shows a sharp boundary between land and ocean. The high AAI values are mainly over ocean in this region. The smoke over land in the cloud free region may not be detected due to the low surface albedo. Over ocean, the AAI is enhanced due to the reflection from the bright stratocumulus clouds below the smoke (see Figs. 4 and 8) . As illustrated in Fig. 16 , the FRESCO effective cloud fraction and scene albedo maps are in good agreement with the AAI map for this biomass burning aerosol event. The northeast part of the smoke plume is in a cloud free region over land and shows small effective cloud fraction values. The cloud pressure map is quite homogeneous for the smoke area. The low pressures at about 130 hPa at [15, 20] • S next to the smoke area seem to be unrealistic, because there are almost no clouds or aerosols and the cloud fraction is very low. This artefact in the retrieved cloud pressure is a result of the low level of reflected light. However, for the same region, the scene pressure is retrieved correctly, namely close to the surface.
The scatter plots of Fig. 17 show the FRESCO cloud data versus the AAI data from GOME-2 measurements in the area of [5, 15] • S and [10, 15] • E. Figure 17c and d show that the effective cloud fraction and scene albedo both increase with increasing AAI. When the effective cloud fraction reaches its maximum at AAI of 3, there occurs a decrease of the effective cloud fraction. This suggests that the effective cloud fractions are related to both cloud and aerosol optical thickness. The relatively large effective cloud fraction is mainly due to the clouds. Similarly, the scene albedo has contributions from clouds and aerosols, but it is mainly the bright cloud layer that leads to the large scene albedo values.
The FRESCO cloud pressures and scene pressures are comparable due to the large effective cloud fractions (see Fig. 17a and b) . The smoke plume seems quite thin in the Fig. 16 . (a) GOME-2 AAI image, (b) MODIS RGB image, (c) GOME-2 cloud pressure, (d) GOME-2 scene pressure, (e) GOME-2 effective cloud fraction, and (f) GOME-2 scene albedo for the biomass burning smoke event in South-West Africa on 6 August 2010. The location of the plume is indicated with a box in the GOME-2 images. The plume in the box was measured around 08:48 UTC. MODIS image was measured at 09:20 UTC. The red spots in MODIS images indicate fires. 
Smoke from Russian wild fires
The smoke from wild fires in Russia in August 2010 clearly shows up in the GOME-2 AAI maps and MODIS fire count map of 1 August 2010 (see Fig. 18 ). The smoke plume takes the form of an "S" shape in the MODIS image, right above the fire sources (red spots in the image). Based on the MODIS image, the smoke seems to be located above the clouds; for some places the surface is visible in the cloud free area. The MODIS image shows more clouds in the northern part of the plume than in the southern part. The shape of the plume appears to be the same in the AAI image as in the effective cloud fraction image. The cloud pressures are lower in the northern part (60 • N) and higher in the southern part of the plume (around 55 • N). However, it is difficult to distinguish the smoke pressure in the FRESCO cloud pressure and scene pressure maps. The maximum AAI value is 6 for this plume. According to Witte et al. (2011) , OMI SSA values of 0.92 were observed during the wild fire period and the aerosol optical thickness was about 3 at 550 nm on 1 August 2010 measured by MODIS at 1 • × 1 • around Moscow city. The scatter plots of the FRESCO cloud products versus AAI in the area of [52, 60] • N and [35, 56] • E are shown in Fig. 19 . The cloud pressure increases with AAI which indicates that the thickest plume is located at the lowest altitude. This is similar to the case of the dust plume in the Sahara desert. Here, the thickest smoke is measured close to the source of the fires. The cloud pressure and scene pressure values mostly vary between 400 hPa and the surface, which indicates the variation of the smoke plume height. According to CALIOP measurements at 10:28-10:42 UTC on 1 August 2010, between [49, 55] • N and [35, 38] • E the aerosol plume height is varying from the surface up to 5 km. Although the CALIOP overpass is about 4 h later than the GOME-2 measurements, it is confirmed that the aerosol height is in the same range as the FRESCO retrievals and quite variable. According to the simulations for BBA Case 2 shown in Fig. 4 , if an aerosol layer is at 4-5 km and the AAI is 6, the AOT could be about 2 at 340 nm.
The effective cloud fraction and scene albedo both increase with AAI, which stresses the sensitivity of AAI to aerosol optical thickness, and shows that the FRESCO cloud product contains information about the smoke. The averaged surface albedo for this area is 0.255; therefore the smallest scene albedo is about 0.3 because of the contribution of clouds and/or aerosols. The cloud pressure and scene pressure contain information on aerosol pressure. However, it is difficult to tell whether the cloud pressure is close to the aerosol layer or close to the cloud layer. Since the smoke with the large AAI values should be above the clouds (otherwise the aerosols would not be visible), the cloud pressure or scene pressure can be used as a lower boundary of the aerosol height.
Conclusions
We have analysed GOME-2 FRESCO cloud retrievals for absorbing aerosol events. We first demonstrated with simulated FRESCO data that the FRESCO algorithm can retrieve aerosol height for optically thick absorbing aerosol cases. Next we presented four typical events with strongly absorbing aerosols: the Puyehue volcanic ash plume, a Saharan desert dust event, an African biomass burning smoke event, and a Russian wild fire smoke event. The analysis was based Fig. 18 . (a) GOME-2 AAI image, (b) MODIS RGB image, (c) GOME-2 cloud pressure, (d) GOME-2 scene pressure, (e) GOME-2 effective cloud fraction, and (f) GOME-2 scene albedo for the smoke of Russian wild fires on 1 August 2010. The location of the plume is indicated with a box in the GOME-2 images. The plume in the box was measured around 06:50 UTC. The MODIS measurement is taken at 08:45 UTC. The red spots in the MODIS image indicate fires. on the sensitivity of the Absorbing Aerosol Index (AAI) to the aerosol optical thickness and aerosol layer height. If the AAI sensitivity is observed from the correlation of FRESCO cloud retrievals with the AAI, the FRESCO cloud retrievals contain aerosol information.
For the four events, effective cloud fraction and scene albedo both increase with AAI, resulting from the sensitivity of AAI to aerosol optical thickness. The FRESCO effective cloud fraction and scene albedo contain aerosol optical thickness information. If the pixel is cloud free, the effective cloud fraction takes up the role of effective aerosol fraction and the scene albedo is a mixture of the aerosol layer albedo and the surface albedo. The effective cloud fraction cannot be interpreted as cloud or aerosol optical thickness directly, but the correlation of effective cloud fraction and AAI indicates that aerosol information is present in the O 2 A band measurements.
The FRESCO cloud pressure and scene pressure are more relevant quantities than the effective cloud fraction and scene albedo, because they give important information for aviation safety, in addition to the AAI. In cloudy situations, FRESCO can retrieve aerosol height when AOT > 3 and SSA = 0.86 at 760 nm (biomass burning aerosol case). If the SSA is larger, an even larger AOT is needed. For optically thin aerosol layers above thick clouds, FRESCO can only retrieve the cloud height. In cloud free situations, FRESCO can also retrieve aerosol height for optically thinner absorbing aerosols, for example, AOT > 0.1 and SSA = 0.92 at 760 nm (desert dust case). Because of its wavelength dependence, the AOT at UV wavelengths can be a factor of 1.5-5 larger than the AOT at 760 nm, depending on the aerosol model. For a typical biomass burning aerosol or dust event, if the AAI is larger than 1, FRESCO should be able to retrieve aerosol height in a cloud free scene. In reality, aerosols can be different from the aerosol models used in the simulations, so we could not give a quantitative relationship between the AAI values and FRESCO products except for some thresholds for the AOT.
According to our simulations, the scene pressure seems to be more reliable for the determination of aerosol height than the cloud pressure for extremely absorbing aerosol layers at high altitude. However, cases with AAI > 10 are rarely observed in GOME-2 measurements. In the events we analysed here the maximum AAI occurring was 8. If, in the case of an aerosol plume, the cloud pressure shows a completely different behaviour than the scene pressure, and the AAI values are very large, then the scene pressure is likely more reliable than the cloud pressure.
Although the FRESCO algorithm is designed for clouds, for optically thick absorbing aerosols the effective cloud fraction and cloud height could be affected by aerosols. When using the FRESCO cloud product, this feature has to be taken into account. The cloud pressure and scene pressure can potentially provide useful aerosol height information, but the interpretation should be also based on AAI and cloud images.
